Tendon experiences a variety of multiscale changes to its extracellular matrix during mechanical loading at the fascicle, fibre and fibril levels. For example, tensile loading of tendon increases its stiffness, with organization of collagen fibres, and increases cell strain in the direction of loading. Although applied macroscale strains correlate to cell and nuclear strains in uninjured tendon, the multiscale response during tendon healing remains unknown and may affect cell mechanosensing and response. Therefore, this study evaluated multiscale structure-function mechanisms in response to quasi-static tensile loading in uninjured and healing tendons. We found that tendon healing affected the macroscale mechanical and structural response to mechanical loading, evidenced by decreases in strain stiffening and collagen fibre realignment. At the micro-and nanoscales, healing resulted in increased collagen fibre disorganization, nuclear disorganization, decreased change in nuclear aspect ratio with loading, and decreased indentation modulus compared to uninjured tendons. Taken together, this work supports a new concept of nuclear strain transfer attenuation during tendon healing and identifies several multiscale properties that may contribute. Our work also provides benchmarks for the biomechanical microenvironments that tendon cells may experience following cell delivery therapies.
Introduction
Tendons transfer stresses and strains from muscle to bone during loading, resulting in multiscale changes to their extracellular matrix (ECM). Transmission of strain between structural hierarchies of tendon is made possible due to its fibre-reinforced structure [1, 2] . When macroscale tensile forces are applied, tendon strain-stiffens, as disorganized ECM at the fascicle, fibre and fibril levels becomes more aligned and less crimped [3 -5] . At the microscale, forces from the ECM lead to cell deformation through the actin cytoskeleton to the nucleus and altered nuclear strain that can affect transcription and a host of cell responses, such as inflammation, migration, proliferation and differentiation [6] [7] [8] [9] [10] [11] [12] [13] . Although mechanical loading may affect gene and protein expression, the influence of applied strains on initial nuclear shape changes that may drive these downstream responses remains poorly understood. The capacity of cells to deform under applied strain may have important physiological consequences, and may be a potential therapeutic target.
Alterations to tendon due to injury can create pathological conditions across several length scales. For example, acute and chronic tendon ruptures lead to inferior limb function, tissue mechanical properties [14 -16] , collagen organization [16] and gene and protein expression [15 -20] . Although tissue level & 2018 The Author(s) Published by the Royal Society. All rights reserved.
strains correlate with cellular and nuclear strains in uninjured tendons during quasi-static tensile loading [21, 22] , the response during tendon healing is unknown. Importantly, multiscale strain transfer in tissue is heterogeneous and attenuates at the local matrix level in native tissues highlighting the importance of native tissue model systems [22] . The presence of less fibrous regions in native tissue can reduce strain transfer to embedded cells compared to those in neighbouring fibrous regions, and may affect tissue homeostasis [22] .
The objective of this study was to evaluate the multiscale mechanical, structural and compositional response of uninjured and healing tendon to quasi-static tensile loading. We hypothesized that tendon healing would reduce macroscale tendon strain stiffening and fibre realignment, and these properties would propagate to affect microstructural, nuclear properties and nanoscale mechanical properties.
Material and methods

Study design
Female C57BL/6 mice at 150 days of age (N ¼ 60) were randomized into three groups: (1) [14, 23, 24] . Mice in injury groups were first anaesthetized (isoflurane) and both hindlimbs were removed of hair (depilatory cream) around the knee and sterilized. Using aseptic techniques, a skin incision was made over the medial aspect of the patella, followed by isolation of the patellar tendon with a longitudinal medial and lateral incision [24] . A custom rubber-coated metal spatula was placed deep to the patellar tendon using the medial and lateral incisions and a full thickness, partial width (approx. 60% width) excisional injury was created using a 0.75 mm biopsy punch [24] . Skin was closed with 5 -0 Prolene suture, and the animals were returned to cage activity. Doses of buprenorphine (0.1 mg kg
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; Reckitt Benckiser; Slough, UK) were given presurgery, and sustained-release buprenorphine (1.0 mg kg 21 ; ZooPharm; Windsor, CO) was given post-surgery. Injured animals were randomized into groups euthanized at 2 or 6 weeks post-injury to evaluate the role of healing on multiscale tendon properties. At these time points, mice were sacrificed and tendons were mechanically tested ex vivo.
Sample preparation and mechanical testing for macroscale property evaluation
For evaluation of macroscale tendon structure, tendons (n ¼ 10/ group) were frozen at 2208C, thawed and fine dissected, as done previously [25, 26] . Tissues were harvested immediately after euthanizing the mice, hind limbs were removed, and a randomly selected limb was wrapped in 1Â phosphate-buffered saline (PBS) soaked gauze, then frozen for later biomechanical testing. Patella-patellar tendon-tibia complexes were carefully dissected and tendons were stamped into a 'dog-bone shape' of width 0.75 mm to isolate the injury site [26] . For consistency, this same procedure was also completed in uninjured samples. Before and after stamping, tendon cross-sectional area was measured with a custom, high-resolution laser-based device (2 mm resolution, less than 2.7% error [27] ) coupled with a LVDT stage to control specimen position (5 mm resolution (x-axis) and 38 mm resolution (y-axis)) across the central 1 mm of the midsubstance transverse plane (500 mm increments) [27] . The laser system has excellent repeatability for the mouse patellar tendon, with a coefficient of variation of 4.08% [27] . The distal half of the tibia was then secured in a custom fixture and loaded into a material testing system (Model 5848, Instron; Norwood, MA) with a 10 N load cell. In this series of experiments, three different mechanical testing protocols were used. In the first set of experiments ( protocol 1), the prepared tendon samples (n ¼ 6 -9/group) were preloaded (0.02 N), preconditioned (0.5% strain amplitude for 30 cycles at 0.5 Hz), and ramped at a constant strain rate (0.1% strain s
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) until 1% strain prior to a frequency sweep (0.125% strain amplitude at 0.1, 1, 5 and 10 Hz, 10 cycles/frequency). Subsequently, samples were returned to 0% strain prior to a ramp to failure (0.1% strain s
) while collagen structure was evaluated simultaneously using an integrated polarized light imaging system (figure 2a). During loading, force and displacement data were acquired and analysed using MATLAB (Mathworks, Natick, MA). The change in equilibrium stress between 1% and 10% strain was used to indicate the amount of strain stiffening, and the dynamic modulus assessed during the frequency sweeps were computed.
Sample preparation and mechanical testing for micro and nanoscale property evaluation
For multiscale evaluation relating applied macroscale mechanical loading to microscale properties (collagen, cell and nuclear morphology), tendons (n ¼ 10 -13/group) were harvested immediately after sacrifice and kept in standard media conditions to maintain cell viability. Maintenance of cell viability was important in order to preserve in vivo cell migration and contraction during loading, which are ATP driven processes [28] . To maintain tenocyte viability during loading, tissues were immersed in a bath containing sterile DMEM supplemented with 5% fetal bovine serum, maintained at 378C integrated with a tensile testing device (Instron 5848; Norwood, MA). To evaluate the effect of healing on strain stiffening, tendons (n ¼ 10 -13/group) were prepared in the same manner, Figure 1 . Study design. Animals are divided into three groups (uninjured, 2-weeks post-injury and 6-weeks post-injury), and tendons are evaluated for their multiscale mechanical, structural and compositional response to quasi-static loading. Macroscale property evaluation was completed using polarized light imaging integrated with a mechanical testing setup with tendons tested according to protocol 1. Micro and nanoscale evaluation was completed by loading living tendon explants according to protocol 2 and/or 3 followed by snap freezing and subsequent cryosectioning, staining, imaging or AFM.
preloaded (0.02 N), preconditioned (0.5% strain amplitude for 30 cycles at 0.5 Hz) and ramped at constant strain rate (0.1% strain s
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) until 1% ( protocol 2) or 10% ( protocol 3) strain prior to a frequency sweep (0.125% strain amplitude at 0.1, 1, 5, and 10 Hz; 10 cycles/frequency) and snap freezing (figure 2b).
Polarized light imaging
A polarized light system [16] was integrated with the mechanical testing for tendons undergoing macroscale tendon structural evaluation ( protocol 1), as previously described (electronic supplementary material, figure S1 ). Sets of alignment maps (30 images) were taken during the quasi-static ramp ( protocol 1). A custom MATLAB program (MATLAB, Natick, MA) was used to divide the image into a series of regions of area 100 pixels 2 and spacing of 20 pixels that were individually averaged to filter noise. From these data, the signal phase and magnitude was used to determine the circular standard deviation (CSD), a measure of collagen fibre disorganization [29] . Briefly, the CSD was calculated by fitting a sin 2 (2u) function [30] to the pixel intensity-polarizer angle data to find the angle corresponding to the minimum pixel intensity. This angle represents the average direction of fibre alignment.
Cell viability
Cell viability of tendons tested with protocols 2 and 3 was evaluated with an MTT assay. For labelling viable cells in tissue, a 12 mM MTT stock solution was added to DMEM (378C and 5% CO 2 ) for 1 h prior to fixation and cryosectioning. Tissue sections were counter stained with DAPI to qualitatively compare viable cells with all cells.
Fibre recruitment model
Using quasi-static ramp data, we applied a structurally based elastic model [31] [32] [33] to quantify the nonlinear force-displacement behaviour in tendons undergoing multiscale evaluation ( protocol 3), as done previously. This model assumes that tendon contains linearly elastic fibres that uncrimp during loading until reaching their slack length at which point the fibres contribute to force linearly. Generally, disorganized tissues such as skin have an elongated toe region, which results in slack lengths with high means and large standard deviations. Force and displacement data from the ramp to 10% strain portion of the mechanical tests were fit to this model using the nonlinear least-squares function (MATLAB) to quantify fibre slack length distribution parameters (mean and standard deviation) throughout healing.
Immunofluorescence staining
For all tendons evaluated for multiscale properties (mechanical protocols 2 and 3), tissues were snap frozen, and immediately embedded in optimum cutting temperature (OCT) compound (Tissue-Tek, Sakura Finetek USA, Torrance, CA, USA), prior to (a) (b) Figure 2 . Quasi-static mechanical testing protocol and experimental setup. (a) For analysis of macroscale collagen alignment, tendons were preloaded (0.02 N), preconditioned and then ramped at 0.1% strain s 21 to 1% strain followed by a frequency sweep and a ramp to failure. (b) For analysis of multiscale properties, tendons were preloaded (0.02 N), preconditioned, ramped at 0.1% strain s 21 to either 1% or 10% strain followed by a frequency sweep. Following mechanical loading, tendons were snap frozen, embedded in OCT and frozen in liquid N 2 prior to microscale assessment.
coronal sectioning at 15 mm (Leica CM1950; Wetzlar Germany) [34] . Following cryosectioning, sections were placed in 4% paraformaldehyde (Fisher Scientific, Pittsburgh, PA, USA) for 3 min and attached to slides with a chitosan film adhesive solution. Tissue sections were rehydrated in 1Â PBS, blocked for nonspecific binding in 5% bovine serum albumin and 0.1% triton for 1 h at 48C, and then stained with primary conjugated antibodies for cell and nuclear shape analysis. Sections were stained for F-actin with Alexa Fluor w phalloidin (1:20; 555/565; Fisher Scientific, Pittsburgh, PA, USA), and nuclei with DRAQ5 Fluorescent Probe Solution (1 : 1000; 647/681; Fisher Scientific) for 12 h at 48C. Nuclei long and short axes were measured using CellProfiler [35] to derive nuclear aspect ratios (nAR) and angular disorganization (nCSD).
Confocal and multiphoton imaging
Sequential scans on an upright laser-scanning multiphoton (MP) confocal microscope (Leica TCS SP8; Wetzlar Germany; 1024 Â 1024 pixel resolution, field of view: 277 mm Â 277 mm, scan speed: 400 Hz) were completed to evaluate stains for collagen, F-actin and nuclei in tendon sections from specimens tested with protocols 2 and 3. Nuclei fluorescence was captured with excitation using a 638 nm wavelength laser, followed by F-actin with a 552 nm wavelength laser (all with PMT detectors). Second harmonic generation (SHG) imaging was achieved using a Coherent Chameleon Vision II Ti:Sapphire laser tuned to 880 nm. For all imaging, a 40Â oil immersion objective (HC PL APO 40Â/1.30 oil CS2) was used for focusing the excitation beam on slides mounted on the stage with the longitudinal axis of the tendon aligned with the horizontal axis of the visual field. Transmitted and reflected SHG signals were collected using 440/20 emission filters on PMT NDD and PMT-RLD detectors. Z-stacks were taken at 1.5 mm intervals to capture the tendon midsubstance or injury site. Images from 2 -3 tendon sections were taken per specimen.
The average collagen fibre disorganization was determined by computing the angular orientation of fibres in the SHG images with custom code (MATLAB; v2015a; Natick, MA) [36] . Images were selected from the middle of each Z-stack with fibres aligned along the horizontal direction. These images were then converted to 8-bit format, contrasted, and enhanced. The region of interest (ROI) was selected from the composite image and applied for all images in the Z-stack. Owing to smaller fibres present in healing tissues, uninjured samples used individual slices from the Z-stack for analysis, while healing samples used the maximum projection of selected images in the Z-stack for analysis. No differences were found in the analysis when comparing the maximum projection and the average of individual slices for the uninjured samples. Each image was then divided into smaller bundles (4 mm Â 4 mm); and any residual bundles at the edges of the image smaller than the bundle size were excluded from the analysis. The fast Fourier transform power spectrum (FFT-ps) was taken for each bundle, and an ellipse was fit around the processed FFT-ps. As the major axis of the FFT-ps ellipse will point in the direction of increasing intensity, the direction of the collagen fibres were determined by computing the angle of the semi-minor axis of the ellipse from the positive x-axis [36, 37] . To prevent redundancy in determined angles (i.e. fibre orientation at 08 is the same orientation as 180 o ), angles were corrected to fit within the range 2908 to 908, with 08 being horizontal and aligned in the direction of loading. A quiver plot was superimposed on the original image to ensure that collagen fibre orientation was computed correctly. Angles were plotted in a histogram to determine angular distribution. For average disorganization the CSD was calculated at 1% or 10% strain to evaluate changes in fibre orientation during tendon loading using circular statistics across all selected images in the Z-stack for uninjured samples.
Atomic force microscopy-based nano -micro indentation
For each tendon section for specimens tested with protocols 2 and 3, atomic force microscopy (AFM)-based nano-micro indentation was performed on the surface of the central midsubstance using a microspherical probe tip and a Dimension Icon AFM (BrukerNano; Santa Barbara, CA). The microspherical tip was prepared by attaching a polystyrene colloid (R tip % 5 mm) (Polysciences; Warrington, PA) onto a tipless cantilever (nominal spring constant k % 0.3 N m
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, TipB; HQ:CSC37/tipless/Cr-Au, NanoAndMore, MikroMasch; Watsonville, CA) using the M-Bond 610 epoxy glue (SPI supplies [26] . Furthermore, to compare the mechanical properties of tendon groups, nanoindentation was also performed on the healing tendons. During all indentation experiments, tendon tissues (15 mm sections) were immersed in 1Â PBS to maintain the physiological-like fluid environment.
For each indentation location force versus depth (F-D) curve was extracted and analysed to calculate the effective indentation modulus, E ind , by fitting the entire portion of each loading F-D curve with the Hertz model (equation 2.1) using a custom MATLAB program with a least square linear regression method.
In this model, R tip is the tip radius (%5 mm), n is the Poisson's ratio (approx. 0.3 for tendon). The choice of the Poisson's ratio was based on the estimate from tissue-level studies on other tendons indented perpendicular to the longitudinal direction [38] [39] [40] [41] [42] [43] .
F-actin and nuclear shape analysis
F-actin was quantified by determining the percent positive staining per ROI. Images were imported into FIJI, cropped, max projected, converted to 8-bit greyscale, contrast enhanced, and thresholded to isolate F-actin filaments. The number of F-actin positive pixels was determined and normalized to the total cropped ROI. The same ROIs for nuclei were similarly selected in FIJI, and segmented and analysed using CellProfiler [35] to evaluate nuclear shape (major/minor axis, nAR and disorganization (nCSD).
Statistical analysis
Data normality was assessed and confirmed with Shapiro-Wilk tests. To determine the role of healing on multiscale tendon properties, data were evaluated with one-way ANOVAs with post hoc Student's t-tests or paired t-tests (macroscale disorganization between strains and microscale nuclear disorganization between strains) with Bonferroni corrections. Linear and power regressions were used to determine relationships between microscale structure, composition and nuclear shape.
Results
Macroscale mechanics and structure are inferior in healing tendon across applied strain
Cell viability was maintained throughout mechanical testing (not shown). As expected, tendon healing increased tissue rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20170880
CSA at 2-weeks post-injury (electronic supplementary material, figure S2 ). Tendon healing affected tissue strain stiffening, as the change in equilibrium stress was reduced at both 2-and 6-weeks post-injury compared to uninjured control tendons (figure 3a). This decrease in strain stiffening was coupled with decreased dynamic modulus in healing tendons regardless of applied strain (figure 3b). Force and displacement data were also used to fit a fibre recruitment model to predict average fibre slack lengths [44] .
In agreement with predictions of increased slack lengths in healing tendons (indicating decreased fibre recruitment) (figure 3c), we found that fibres became more organized under loading in uninjured tendons compared to healing tendons (figure 3d). Although uninjured tendons exhibited Seq, equilibrium stress; jE*j, dynamic modulus; CSD ratio, ratio of fibre disorganization from 10% to 1% strain; CSD, circular standard deviation. Figure 4 . Collagen, cell and nuclear imaging. Tendon sections were stained to identify the nucleus and F-actin, and MP imaging captured collagen structure throughout healing (uninjured, 2-weeks post-injury, and 6-weeks post-injury) and applied strain (1% and 10% strain). Scale bar ¼ 20 mm.
rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20170880 a reduction in macroscale fibre disorganization with applied strain (electronic supplementary material, figure S3), this response was reduced in healing tendons (figure 3d). Taken together, these results suggest that tendon strain stiffening is reduced in healing tendon and occurs in concert with decreased matrix reorganization during mechanical loading.
Microscale structural and compositional properties are inferior in healing tendon
To investigate whether the macroscale changes in mechanics and structure propagated to the microscale, we evaluated tendon structure using MP imaging and simultaneously evaluated tendon cell shape and F-actin (electronic supplementary material, figure S4 -S7). Confocal and MP imaging revealed that changes in collagen disorganization, actin staining, and nuclear shape were dependent on tendon healing and applied strain (figure 4). Similar to macroscale structural properties, microstructural collagen alignment was more disorganized in healing tendon than uninjured control tendon regardless of applied strain (figure 5a). Interestingly, microscale alignment was much more disorganized compared to macroscale alignment ( p , 0.0001) (figure 5, electronic supplementary material, S3). Additionally, uninjured and 2-week post-injury healing tendons exhibited a strain-dependent response in matrix disorganization unlike tendons 6-weeks post-injury (figure 5b). However, despite this strain dependence, the relative amount of collagen reorganization (CSD ratio from 10% to 1% strain) with applied loading was not statistically different between groups (figure 5c). This is in contrast to the collagen disorganization ratio at the macroscale, which further supports the concept of attenuation in strain transfer across structural hierarchies [22] . 21 . nAR, nuclear aspect ratio; nCSD, nuclear disorganization.
Healing tendons had increased cell counts and F-actin staining compared to uninjured tendon ( figure 6a,b) . However, the amount of F-actin staining was reduced in tendons 6-weeks post-injury compared to 2-weeks post-injury (figure 6b) and when normalized by cell counts (electronic supplementary material, figure S9 ). Nuclei had decreased aspect ratios and increased disorganization in healing tendons compared to uninjured tendons (electronic supplementary material, figure S8 ). Although nAR increased from 2 to 6-weeks post-injury, it remained inferior to uninjured tendons and the nuclei lost their ability to reorganize with applied strain (figure 6c). This ability for nuclei to deform under applied strain was greatly reduced in tendons 2-and 6-weeks post-injury (figure 6d).
Nanoscale mechanical properties are inferior in healing tendon
To investigate whether the microscale changes in structure and nuclear properties propagated to the nanoscale, we evaluated tendon nanomechanical properties using AFM (figure 7a). In agreement with our hypothesis, tendon nanoscale indentation modulus was decreased in healing tendon (figure 7b).
Multiscale property correlations
Nuclear disorganization correlated linearly with collagen disorganization (R 2 ¼ 0.83, p , 0.0001; figure 8a ). In addition, 
Discussion
This study evaluated multiscale structure-function mechanisms in response to quasi-static tensile loading in uninjured and healing tendons. Using an established mouse patellar tendon injury model [23, 24, 45] , we harvested living tendon explants, which preserve the native architecture of the tendon ECM. Moreover, this procedure adds to traditional histological studies by controlling for tissue pre-stresses or strains applied prior to fixation. We evaluated properties at two strains because tendon undergoes highly nonlinear behaviour during loading. We first showed that tendon healing affected the macroscale mechanical and structural response to loading. In agreement with our hypothesis, healing tendons exhibited decreased strain stiffening, which occurred in concert with increased predicted fibre slack lengths, suggesting an extension of the toe region of the stress -strain curve and structural compromise. Indeed, macroscale structural properties were inferior in healing tendons and the ECM showed a reduced capacity to realign under loading. To determine how these macroscale properties were related to microscale properties, we evaluated collagen fibre structure disorganization. Healing tendons also demonstrated increased collagen fibre disorganization compared to uninjured tendons. Interestingly, microstructural disorganization was greater than at the macroscale indicating that the tendon structural hierarchies may be correlated, but are not identical.
Historically, tendon's composition and structure are often related to its mechanical function as disorganized collagen becomes more aligned and less crimped during loading [3, 4, 46, 47] . However, extension of these mechanisms to the response of tendon cells during loading has been limited rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20170880 [21, 22] . Therefore, we evaluated how macroscale loading was transduced to changes in microscale structure, nuclear shape, and nuclear orientation. Healing tendons experienced reduced nAR and nuclear reorganization in response to loading compared to uninjured tendons. Further, these responses were correlated to disorganization of the microscale collagen structure, amount of F-actin and nanoscale mechanical properties. Interestingly, changes in collagen disorganization with applied strain were greater during healing than changes in nAR. Therefore, it is possible that critical proteins that transmit forces between collagen fibres, cells, subcellular compartments and nuclei are impaired during tendon healing, thus reducing strain transfer to nuclei. Interestingly, although actin staining and collagen disorganization decreased at 6-weeks post-injury compared to 2-weeks post-injury, cellularity remained elevated and nuclei showed a reduced ability to respond to loading. This response is in direct contrast to the uninjured condition whereby low cellularity is coupled with low actin staining, high collagen organization and high capacity for changes in nAR and nCSD with applied strain. This work adds to previous literature by evaluating multiscale tendon properties during healing. It is well established that tendons heal through scar formation, do not regain pre-injury material properties, and often display aberrant phenotypes [20,45,48 -50] . As tendon cells reside within a niche environment that combines mechanical and biochemical cues [51] [52] [53] [54] , it is essential to understand how alterations to this microenvironment may drive tendons toward an aberrant differentiation (chondrogenic, osteogenic or adipogenic) [55] . Our results not only add to the understanding of how tendon healing affects the local microenvironment of residing tendon cells in native tissue, but identify the capacity for these cells to biomechanically respond to external mechanical cues. It is possible that cells within the injured region become stress shielded overtime, leading to an inferior response and potential presence of proteoglycan-rich inclusions [22] . Although our regression analysis revealed that actin staining and collagen disorganization were related to nAR, there is a distinct threshold in which these factors contribute to large changes in nAR.
This study is not without limitations. First, we only investigated tensile loading, and adding in additional loading methods that apply shear, compression and biaxial forces may provide further insight into behaviour in vivo. Second, we only investigated the multiscale response at two distinct strains (1% and 10%), that were chosen to represent the toe and linear portion of the force -displacement curve. However, it is well established that tendon's response to loading is inherently nonlinear, and evaluation at additional strains would be necessary to fully describe the multiscale responses. Further, it is likely that the multiscale response evaluated in healing tissues is specific to the injured midsubstance and may vary spatially in the tissue [56] . It is possible that the process of stamping a dog-bone shape in the patellar tendons may alter the material properties of the remaining tendon area, however due to the robust differences observed between groups, this effect is likely very small. Further, all multiscale analysis was completed in the centre midsubstance of the tendon, away from any stamped sites. Future studies will examine how dynamic loading affects the multiscale mechanical, structural and compositional properties in healing tendon. Although we employed many tools to assess multiscale tendon properties, other measurements may provide additional support of findings. Mechanically, we focused on quantifying macroscale tensile properties in the direction of loading and nano/microscale indentation of tendon fibrils/fibres perpendicular to their orientation. Although indentation mechanics may be important for the underlying fibrous substrate that tendon cells sense and respond to, its relationship to fibril mechanical properties in the direction of loading remains unknown. Additionally, it should be noted that this study was completed in mice and may not fully recapitulate the healing response or overuse tendinopathy condition in humans. Finally, this study did not examine the specific proteins that may promote or impede multiscale strain transfer. Therefore, future studies should specifically evaluate the spatial distributions of ECM, cell-ECM, pericellular, and cell proteins that may regulate cell and nuclear mechanics.
Taken together, our work supports a new understanding for how macroscale loading affects multiscale tendon properties in the case of tendon healing. As of yet, many clinical treatments for tendon injuries remain controversial [57] , and basic scientific data describing tendon structure-function relationships in an injured state have not been fully characterized. However, the multiscale response to mechanical loading, which is a central feature of clinical rehabilitation protocols, is important to determine the ramifications of various macroscale loading protocols. Additionally, these results provide benchmarks for the microenvironments tendon cells may experience following cell delivery therapies.
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